Abstract. X-ray diffraction is a superior technique for structural characterization of crystalline matter. Here we review the use of in situ powder X-ray diffraction (PXD) mainly for real-time studies of solidgas reactions, data analysis and the extraction of valuable knowledge of structural, chemical and physical properties. Furthermore, the diffraction data may also provide knowledge on reaction mechanisms, kinetics and thermodynamic properties. Thus, in situ PXD simultaneously provides properties as a function of pressure, temperature and/ or time at different length scales, i.e. nanoscale structural data and bulk
Introduction
The continuously growing interest in nanometer-scale structural characterization within chemistry and materials science provides strong incentives for the further development of Xray diffraction techniques. [1] This is strongly accelerated by access to intense, well-collimated photon beams from synchrotron X-ray sources, which has also allowed development of in situ diffraction techniques for a number of purposes. Synthesis of new materials is an essential aspect of materials science and these are often powders or composites. Novel materials with new functional properties often form the backbone in emerging energy technologies. In situ synchrotron radiation powder Xray diffraction (SR-PXD) is essential for characterization of structural, chemical and physical properties of crystalline solids under varying pressures and temperatures as well as polymorphic transformations. Chemical reactions between crystalline matter and other solids, liquids or gasses may also be explored regarding the detailed mechanism and the kinetics of reaction.
The investigation of solid materials properties and solid-solid reactions at varying temperature and at ambient pressure appears to be among the most frequent studies within materials science using in situ SR-PXD. Recently, significant progress sample properties. Initially, a brief description of experimental and methodological details is provided, followed by a variety of examples of different designs of experiments and methods of data analysis. Additionally, it is discussed how a range of physical properties can be accessed by diffraction techniques, e.g. crystallite size. The aim of this review is to provide new inspiration for utilization of in situ PXD for characterization of a wide range of properties beyond the scope of crystal structure solution.
within development of new advanced sample holders which allow in situ and in operando investigations of batteries while they are charged and discharged at a synchrotron beam line has been developed, [2] providing e.g. new information on lithium insertion reactions in lithium ion batteries [3] and on reaction mechanisms in conversion type cathodes. [4] Solid-gas reactions were initially investigated in order to explore reaction mechanisms within heterogeneous catalysis. [5] The first sample holder which allows a gas-flow through the sample was based on open-ended quartz (SiO 2 ) capillaries. Changes in the solid catalyst may be probed as a function of gas composition and temperature. A narrow particle size distribution is needed in order to prevent the sample from blocking the gas flow, i.e. the sample often needs to be sieved, and glass wool plugs are needed in order to hold the powder in place. Solid-gas reactions may also be investigated in dosing mode using capillaries with one closed end. [6, 7] This technique has been further developed by gluing a metal ferrule to a capillary, which may allow a 0.5 mm quartz capillary to be used at gas pressures up to ca. 100 bar and provides minimal X-ray absorption and good resolution due to the small sample size. [8] Graphite, vespel and graphite/vespel ferrules are more commonly used when mounting a thin quartz capillary, however lower pressures (Ͻ25 bar) can be obtained. The gas dosing technique is also very useful for investigation of physisorption of gasses in nano-porous crystalline scaffolds. [9] In situ SR-PXD has proven superior to any other technique as it simultaneously probes the exact host-guest interactions, provides information on the amount of gas physisorbed as a function of pressure and temperature and in some cases simultaneously thermodynamic data such as the isosteric enthalpy of adsorption. [10] 
REVIEW
The use of single crystalline sapphire (Al 2 O 3 ) capillaries has proven successful as it, compared to quartz, has larger tensile strength, is more inert towards e.g. molten hydrides, and allows higher working pressures and more abrupt changes of pressure. [3] This is desirable for investigation of fast solid-gas reactions, e.g. for reversible solid state hydrogen storage. Hydrogen release and uptake reactions are often associated with considerable change in unit cell volume, often around 20 % for interstitial metallic hydrides, [11] or significant changes of structural symmetry, e.g. ionic hydrides often change from ionic to metallic form. Complex metal hydrides with covalently bonded hydrogen change structure and composition via several intermediate compounds. [12] [13] [14] Thus, even though hydrogen has the lowest X-ray scattering power of any element, the effects of hydrogen absorption and desorption are easily observable by PXD. [15] Solid-liquid reactions at supercritical conditions have also attracted much attention recently. The solid-liquid systems can 
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be contained in an open-ended capillary, e.g. sapphire, at elevated temperatures and may allow for a flow of reactants through the sample holder also at super critical conditions. [16] [17] [18] Solid-liquid reactions at hydrothermal conditions, using water as a solvent, have also been investigated, often at 100 Ͻ T Ͻ 200°C, using quartz capillaries with one closed end as sample holder. A back pressure of inert gas larger than the vapour pressure of water at the maximum reaction temperature is needed to prevent the solid-liquid suspension from boiling. [19] [20] [21] [22] Fast solid-liquid reactions may also be investigated in capillaries with one end closed. This experimental approach allows for 'in situ mixing of solids and liquids', e.g. for investigation of fast hydrolysis reactions. For example, a quartz glass capillary (0.7 mm O.D.) placed in a vertical position was loaded with a slightly compacted powder of α-CaSO 4 ·0.5H 2 O and then water was introduced in the capillary so that the meniscus was approx. 2 mm from the dry sample. After measurement of a few diffraction patterns at the desired temperature, the gas pressure in the capillary was raised to p(N 2 ) ≈ 13 bar, which brings water in contact with the dry sample in situ during data acquisition, and the hydration reaction starts. [19] This technique allows the study of very fast chemical reactions e.g. the hydration of cements. [20, 21] Here we review the use of in situ SR- PXD 3 . [23, 24] Structures containing both light and heavy elements are usually challenging to investigate as observed for a new compound, LiCe(BH 4 ) 3 Cl, discussed later in this review. [25] In such cases supplementary techniques e.g. powder neutron diffraction, spectroscopy or theoretical modelling are required to obtain full understanding of the crystal structure.
The aim of this review is to provide new inspiration for the utilisation of the very versatile technique in situ powder X-ray diffraction.
Experimental and Methodological Details
New sample environments are developed to take best advantage of X-ray diffraction techniques and well-collimated intense X-ray beams from synchrotron sources for investigating solid-gas and solid-solid reactions. [8] Thin-walled single-crystal sapphire (Al 2 O 3 ) capillaries [26] are often used owing to high tensile strength. For example, the calculated and measured burst pressures for a 1.09 (O.D.) ϫ 0.79 (I.D.) mm capillary are 880 and 900 bar, respectively. [8] Additionally, very high quality SR-PXD data are obtained using thin-walled sapphire or quartz glass capillaries, which allows Rietveld refinement and extraction of detailed structural data. Glass capillaries, e.g. quartz, give a broad background in the diffraction patterns due to the structure factor of the amorphous material that extends out to several inverse angstroms in reciprocal space. Borosilicate and special glass capillaries result in lower background than quartz; however the maximum operating temperature is lowered to approx. 700°C and approx. 500°C, respectively. Sapphire capillaries produce single-crystal reflections that may have orders of magnitude higher intensity than the diffracted intensity in the powder diffraction rings measured by the 2D detector and may overexpose the detector. These diffraction spots may be minimized by rotating the sample cell a few degrees in φ, [8] and subsequently they must be masked out during data integration, e.g. using software like Fit2D or PyFAI. [27] [28] [29] Alternatively, intense and unwanted diffraction may also be masked by placing lead in front of the detector. These programs are used to convert the area detector frames (image files, binary format) to powder diffraction patterns, I(2θ) (ASCII format). The use of an 2D area detectors gives several advantages, such as: (i) integration of the intensity from the complete X-ray diffraction cone may reduce or eliminate preferred orientation effects, (ii) improvement of the 'powder average' for the obtained PXD data, e.g. in case a chemical reaction product is larger crystals that give 'spotty' diffraction rings, (iii) visual inspection of the data and identification of diffraction from other sources than the sample, e.g. diffraction rings with a centre different from the direct X-ray beam or as diffraction spots located away from the diffraction rings from the sample. [30] The sample cell, shown in Figure 1 , is heated by a resistive heating element (tungsten filament) or a stream of hot air. The temperature is measured by a thermocouple, placed inside the sapphire capillary ca. 1 mm from the sample and connected to a programmable temperature controller. The sample cell can be operated in the temperature range RT Ͻ T Ͻ approx. 700°C with the described setup. Alternatively, temperatures as high as approx. 1000°C can be reached if the filament is wound directly around the sapphire capillary or by using two filaments. [31] [32] [33] Alternatively, a temperature calibration material with wellknown phase changes or a large thermal expansion coefficient (e.g. NaCl or Ag) is appropriate for determining a calibration curve for the real sample temperature. Initially, the temperature calibration material is heated within the desired temperature range. Sequential Rietveld refinement is then applied to determine the change in lattice parameters. Another advantageous tool is Parametric Rietveld refinement that improves the reliability of the temperature standard material and has benefits over sequential Rietveld refinement by reducing the overall uncertainty. In contrast to sequential Rietveld refinement, parametric refinement treats the whole data set at once and can describe structural parameters by variables and functions that describe their evolution throughout the entire data set. [34] Another major advantage of the sample cell is that the sample is pressurized simultaneously from both ends, which allows fast change of pressure over more than five orders of magnitude, e.g. from 200 bar to Ͻ1 mbar within~10 s, without destroying the sample. This ability combined with short data acquisition time of the PXD pattern provides excellent time resolution of gas absorption and desorption reactions. For practical application the lower gas pressure is limited by the performance of the vacuum pump as well as the diameter of the tubing. [35, 36] The upper limitation is the available gas pressure in the gas supply bottle attached to the gas control system. Furthermore, the gas atmosphere may be changed during the experiment, e.g. from argon to hydrogen or other gasses e.g. O 2 , CO 2 , or N 2 . Note that there may be a significant pressure change in long gas supply lines, therefore a pressure measurement close to the sample is important. [36] There are several advantages of utilisation of high energy synchrotron X-ray radiation Ͼ30 keV (Ͻ0.41 Å). The penetration power increases with increasing photon energy, which facilitates the use of thicker sample containers, e.g. for investigations at elevated pressures. There is also lower air scattering of the diffracted beams that allows for larger sample-to-detector distances without significant loss in signal intensity. At the same time, a larger sample-to-detector distance provides more space for advanced sample environments, simultaneous measurements with more than one technique, and may further protect (expensive) detectors. Nevertheless, a protective screen is compulsory. High energy X-rays also compress the powder pattern to a smaller 2θ range, which is advantageous. This allows for a smaller aperture in the screen for the diffracted beam to improve safety. The aperture limits the 2θ range observable hence the high-energy X-rays allow for a large dspacing range to be observed in a small angular range providing a safer experimental setup.
Results and Discussion
Numerous examples of different types of in situ SR-PXD experiments and approaches for data analysis are provided in this section. The aim is to illustrate the perspectives and the diversity of information that can be extracted from in situ SR-PXD data.
1) Ab Initio Structural Investigations
Mechanochemical synthesis combined with characterization using variable temperature in situ synchrotron radiation powder X-ray diffraction (VT SR-PXD) has successfully been used as an experimental screening approach in order to discover novel materials. Simultaneously, unique information about material composition, structure and properties such as chemical reactions and thermal decomposition pathways have been provided. [37] [38] [39] The efficiency and versatility of this approach was illustrated by studying a series of novel cadmium-based metal borohydrides. [40] Within this study, the existence of alkali- The SR-PXD data analysis demonstrates that new unknown compounds can be structurally characterized also when they only exist as a minor fraction of the samples. The use of multiple powder patterns allows for solving structures of two or more new compounds present in the same sample by a method denoted "decomposition-aided indexing and structure solution". [40] The method depends on diffraction data measured at variable temperature, which allows grouping diffraction peaks according to their behaviour e.g. by peak intensity change or peak shift owing to decomposition, melting or a chemical reaction in the sample. Each group of reflections can be associated with a known compound or used for indexing and structure solution. High-temperature resolution allows selecting two patterns collected at relatively similar temperatures and differing only by the presence of an unknown compound. [41] The Rietveld refinement profile of the pattern containing known compounds can be subtracted from the other pattern providing a difference plot, which can be used for indexing and structure solution of the unknown compound. The applicability of this approach was demonstrated for a ball-milled sample of KBH 4 -CdCl 2 (1:1). The data measured at approx. 75°C, see Figure 2 , contained diffracted intensities from both KCd(BH 4 ) 3 and K 2 Cd(BH 4 ) 4 whereas the data at approx. 85°C showed reflections only from K 2 Cd(BH 4 ) 4 besides the known compounds. Thus, the data measured at the higher temperature approx. 85°C were evaluated first and the structural model for K 2 Cd(BH 4 ) 4 was then used for evaluation of the data measured at approx. 75°C.
In situ VT SR-PXD was measured for each of the twelve samples in the above-mentioned investigation and all observed diffracted intensities in the 875 collected PXD patterns are accounted for by eleven known compounds: LiBH 4 , LiCl, Li 2 CdCl 4 , NaBH 4 , NaCl, Na 2 CdCl 4 , Na 6 CdCl 8 , KBH 4 , KCdCl 3 , Cd, CdCl 2 , and four new cadmium borohydrides α-Cd(BH 4 ) 2 , β-Cd(BH 4 ) 2 , KCd(BH 4 ) 3 , K 2 Cd(BH 4 ) 4 . [40] Furthermore, sequential Rietveld refinement of the SR-PXD data provided a reliable estimate of the dynamic changes in the sample composition as a function of temperature, which is an efficient tool to analyse complex patterns of chemical reaction mechanisms. The reactions involve polymorphic transition, coupled reactions of borohydride decomposition, formation of ternary chlorides and their reaction with the excess reactants and with the decomposition products. Thus, this approach provides a unique platform for creating synergy between synthesis and characterization of novel materials. [40] 
2) Challenging Structural Evaluations
Structural evaluation for new compounds containing both light and heavy elements can be challenging and the combined use of several complementary techniques may be necessary, e.g. SR-PXD, powder neutron diffraction (PND) and/or density functional theory (DFT) in the search for a satisfactory structural model. [42] Lithium cerium borohydride chloride, LiCe(BH 4 ) 3 Cl, was synthesized by mechanochemistry, [39] i.e. ball milling of samples of CeCl 3 ϪLiBH 4 in various ratios. [25, 43, 44] The LiCe(BH 4 ) 3 Cl was eventually indexed and found to crystallize in a cubic structure, a = 11.7204(2) Å, with space-group I43m. Structural evaluation was performed on data obtained at approx. 160°C, as the new compound crystalized during heating. The position of electron-rich elements was readily localized by PXD but the positions of the lighter elements, H and Li, revealed some ambiguity. The combined Rietveld refinement www.zaac.wiley-vch.de 3033 using SR-PXD and PND data revealed three possible structural models. However, DFT calculations of the models optimizing the energy of the structures arrived at a structural model for the LiCe(BH 4 ) 3 Cl where Li ions occupy 2/3 of the 12d Wyckoff site corresponding to 8 Li ions per unit cell. The structural model suggests that the compound might be a solid-state lithium ion conductor. [25] The Li + conductivity was found to be 1.03 ϫ 10 -4 S cm -1 at T = 20°C, further supporting the structural model. Figure 3 illustrates the anions within the structure of LiCe(BH 4 ) 3 [25] In conclusion, structural evaluation of LiCe(BH 4 ) 3 Cl was only possible by the combined use of the three techniques SR-PXD, PND and DFT and likely not by any combination of two methods alone. The mixed-metal and anion-substituted rare earth metal borohydrides have been studied extensively. [25, [43] [44] [45] [46] [47] Among them, other fast Li + ion conductors isostructural to LiCe(BH 4 ) 3 Cl have been discovered i.e. LiLa(BH 4 ) 3 Cl and LiGd(BH 4 ) 3 Cl. [47] A wide range of other bi-and trimetallic challenging and fascinating structures has also been characterized by SR-PXD. [48] [49] [50] [51] [52] 4Ϫ with a distorted cubane Ce 4 Cl 4 core discovered in the crystal structure of LiCe(BH 4 ) 3 Cl. [25] 
3) Hydrogen Release and Uptake from Reactive Hydride Composites
Reactive hydride composites (RHC) may lead to a more energetically favourable decomposition pathway compared to the single compounds. [38, 53, 54] The basic idea is that two or more hydrides react and form a new dehydrogenated state that improve thermodynamic and kinetic properties and facilitate hydrogen release and uptake. Independently, the research groups of J. J. Vajo [ [55] [56] [57] [58] Many interesting composites have been investigated during the past few years, e.g. LiBH 4 -YH 3 , [59] LiBH 4 -SrH 2 , [60] and a promising and well-studied composite LiBH 4 -MgH 2 (2:1). [61] [62] [63] The dehydrogenation mechanism of the latter is investigated with in situ SR-PXD (Figure 4 ), which reveals a two-step decomposition reaction, i.e. MgH 2 decomposes to form Mg and gaseous H 2 , and finally LiBH 4 and Mg react to form LiH, MgB 2 and H 2 gas. [61] Another benefit of RHC's is the possibility for rehydrogenation under less harsh conditions as compared to the pristine borohydride samples. Rehydrogenation of LiBH 4 requires high pressure and temperature (T = 600°C and 155 bar H 2 ), [64] whereas the desorbed LiBH 4 -MgH 2 , i.e. LiH-MgB 2 readily absorbs hydrogen already at 250-300°C and 50 bar H 2 . . [63] Another system which enables hydrogen uptake at relatively benign conditions is the LiBH 4 -MgH 2 -Al system, which recently was investigated in the molar ratios 4:1:1 and 4:1:5. [65] A detailed investigation of the reaction pathway was obtained by in situ SR-PXD measurements, which show interesting differences between the two samples. In LiBH 4 [61, 62, 66, 67] The most significant decrease in hydrogen release temperature is observed in LiBH 4 -MgH 2 -Al (4:1:5), likely owing to absence of Mg-Al intermediates.
The hydrogen absorption at p(H 2 ) = 100 bar of LiBH 4 -MgH 2 -Al (4:1:5) is presented in Figure 5 . During heating, at approximately T ≈ 350°C, the diffracted intensity from LiAl and Mg x Al 1-x B 2 disappears, and diffracted intensity from Al is observed, corresponding to the chemical reaction in 
During cooling MgH 2 and h-LiBH 4 crystallize from the melt at approx. 285 and approx. 270°C, respectively. The phase transformation from h-to o-LiBH 4 is observed at T ≈ 100°C. The system is reversible at the applied physical conditions and comparison of Rietveld refinements of the data collected before desorption and after absorption shows that approximately 55 % LiBH 4 and 98 % MgH 2 are reformed after approx. 1 h of hydrogenation.
4) A New Solid Solution Discovered in the LiAlH 4 -LiNH 2 Composite.
The decomposition pathway for the composite LiAlH 4 -LiNH 2 in different reactant ratios was systematically studied using in situ SR-PXD. [68] This study revealed that LiAlH 4 
The solid solution Li 4-x Al x (NH) 2-2x N 2x was initially characterized by Rietveld refinement of SR-PXD data and found to crystallize in a cubic unit cell, a = 4.9854(7) Å with space group Fm3ϽÜ-Ͼm. The structure is isostructural to Li 2 NH with both cation and anion disorder, which is rarely observed. The structure is built from regular [Li/AlN 4 ] tetrahedra sharing all six edges with neighbouring tetrahedra and all four corners with four [Li/AlN 4 ] tetrahedra (see Figure 6 ). [68] Figure 6. The crystal structure of Li 4Ϫx Al x (NH) 2Ϫ2x N 2x , which is isostructural to Li 2 NH. [Li/AlN 4 ] tetrahedra are shown as light gray polyhedra. [68] Moreover, the bond lengths Li/Al-N (2.159 Å) are similar to the Li-N distances in Li 3 AlN 2 (2.152-2.163 Å) but slightly shorter than the Li-N distance in Li 2 NH (2.185 Å).
The two complementary techniques, 27 Al MAS NMR and Rietveld refinement of SR-PXD data, both revealed a maximum value for x of approx. 0.10, i.e., Li 3.90 Al 0.10 (NH) 1.80 N 0.20 . Higher aluminium contents result in cation ordering and crystallization of Li 3 AlN 2 . Furthermore, the composition of the solid solution, x, varies with temperature as seen by a continuous change in 2θ position for the Bragg peaks (see inset in Figure 7 ). At higher temperatures, the diffracted intensity of the solid solution decreases while those from Li 3 AlN 2 and LiH increase in intensity. Thus, the PXD data allow direct observation of a new intermediate solid solution, determination of the structure, composition and stability as a function of temperature. [68] 
5) Anion Substitution in Solids
Anion substitution has been suggested as an alternative way to alter thermodynamics of hydrogen storage properties of metal borohydrides. [13, 38, 69, 70] Thus, the dissolution of solid sodium chloride and sodium borohydride into each other resulting in formation of solid solutions of composition [ 68] Na(BH 4 ) 1-x Cl x was studied. [71, 72] The dissolution reaction was facilitated by two methods: mechanochemistry (ball milling) or combination of ball milling and subsequent annealing at elevated temperature i.e. heating of NaBH 4 -NaCl at 300°C for 3 d. [71] The powder diffraction patterns of NaBH 4 -NaCl (0.5:0.5) before and after annealing are very different due to formation of solid solutions, see Figure 8 . Additionally, the unit cell contraction owing to substitution of the larger BH 4 -anion (r = 2.05 Å) with the smaller Cl -anion (r = 1.81 Å), follows Vegard's law. [71, 72] Rietveld refinement of in situ SR-PXD data was utilized in determining the degree of dissolution (Figure 9 ). Ball milling resulted in dissolution of 10 mol-% NaCl into NaBH 4 , forming Na(BH 4 ) 0.9 Cl 0.1 . A higher degree of dissolution of NaCl in NaBH 4 was obtained by annealing at T Ͼ 240°C providing Na(BH 4 ) 0.43 Cl 0.57 . In addition, annealing resulted in dissolution of 10-20 mol-% NaBH 4 into NaCl. The rate of dissolution of NaCl in NaBH 4 was also extracted from the SR-PXD data and found to be linear with a rate of 0.105(3) mol-% Cl -min -1 at 300°C.
[71] [71]
6) Heat of Adsorption Extracted from PXD Data
Mg(BH 4 ) 2 is a well-studied material, [73] [74] [75] [76] [77] however, several new polymorphs have been discovered recently, i.e. βЈ-, ε-, γ-and δ-Mg(BH 4 ) 2 .
[10, [78] [79] [80] [81] [82] [83] [84] The polymorph γ-Mg(BH 4 ) 2 is the first reported nanoporous metal borohydride with a large permanent porosity (approx. 33 % void space) and pore size of 8.8 Å. The structure is cubic, a = 15.7575(16) Å (space group Id3ϽÜ-Ͼa), and was solved using SR-PXD data. The SR-PXD data also confirm that this compound adsorbs smaller www.zaac.wiley-vch.de Figure 9 . In situ SR-PXD data of ball milled NaBH 4 -NaCl (0.5:0.5), heated from RT to 300°C (ΔT/Δt = 10°C/min, λ = 1.072(2) Å, collected at beamline I711 at MAX-Lab), kept at 300°C for 30 min, cooled from 300°C to room temp. and cycled 3 times. Symbols: (white circles) NaCl, (black circles) NaBH 4 and (white squares) NaBO 2 . [71] molecules reversibly, such as H 2 , N 2 and CH 2 Cl 2 and the exact position of the adsorbed gas molecules can be located. The molecules interact with the BH 4 -units in the structure, thus revealing new physisorption interactions. [10] Gas adsorption was successfully investigated by in situ SR-PXD heating a closed, isobar sample container. The isosteric heats of adsorption of nitrogen and hydrogen in γ-Mg(BH 4 ) 2 were determined from in situ SR-PXD data to be Q st (N 2 ) ≈ 15 kJ mol -1 and Q st (H 2 ) ≈ 6 kJ mol -1 (average values) and Q st Ͼ 7 kJ mol -1 at a loading of 15 mg H 2 g -1 .
[10] The latter value is among the highest values measured for MOFs and other porous solids. [85, 86] Thus, in situ SR-PXD is superior to other experimental approaches by providing direct measurement of the quantitative amount of gas adsorbed in the interior of nanoporous materials along with the exact host-guest interactions, i.e. position of adsorbed gas molecules. [10] . Additionally, information of thermodynamic and kinetic data of gas release and uptake can be extracted. A drawback is that only the crystalline fraction of the sample is probed and amorphous material may not be characterised.
7) Niobium Oxide as an Additive for Magnesium Hydride
Magnesium hydride is suggested as a potential hydrogen storage material but the kinetics for hydrogen release and uptake needs to be improved, e.g. by utilisation of additives. [53, 87, 88] The surface oxide layer (MgO), which covers magnesium metal is considered almost impermeable to hydrogen and decreases the kinetics of (de)hydrogenation significantly. [89] However, niobium pentaoxide, Nb 2 O 5 , has proven to be one of the most effective additives mediating fast release and uptake [53, 87, 88, 90, 91] and investigations of the system MgH 2 -Nb 2 O 5 using SR-PXD have provided a possible explanation for this effect. [92] [93] [94] [95] Three samples of MgH 2 -Nb 2 O 5 (8 mol-%) ball-milled to different extents were investigated in real time during up to eight continuous full hydrogen release and uptake cycles. Rela- Figure 10 . In situ SR-PXD data of MgH 2 -Nb 2 O 5 (8 mol%) showing the hydrogen release and uptake when heated stepwise from RT to 300 and 450°C (left). Hydrogen pressure was varied between p(H 2 ) = 10 -2 and 120 bar. Hydrogen release and uptake in cycle 5, T = 300°C, after heating to 450°C (right). Time propagates from bottom to top (λ = 1.0980 Å, beamline I711 at MAX-Lab). [12] tively large amounts of additive were used in order to allow a clearer detection of the chemical reactions in the system MgMgH 2 -Nb 2 O 5 . An in situ SR-PXD pattern is provided in Figure 10 . [12] Rietveld refinement analysis suggested that a reaction between MgH 2 and Nb 2 O 5 occurs during sample preparation i.e. ball milling, which produces the ternary oxide Mg x Nb 1-x O. At elevated temperatures a reaction between Mg and Nb 2 O 5 occurs forming a ternary oxide, with composition Mg 0.60 Nb 0.40 O obtained when assuming an oxidation state +2 for Nb (see Equation (6) ). This may indicate an upper limit for the niobium content in the solid solution of 40 mol-%. [12] 3Mg(s) + Nb 2 O 5 (s) Ǟ 5Mg 0.60 Nb 0.40 O(s) (6) More extreme mechanochemical conditions or cycling of the MgH 2 ϪNb 2 O 5 composite with hydrogen release and uptake at T Ͼ 300°C lead to formation of niobium or niobium hydride, i.e. niobium is extracted from the ternary solid solution by reduction of Nb II as illustrated in reaction Equation 7. Finally MgO (or Mg ≈1 Nb ≈0 O) and Nb will form. 
Formation and stabilization of the ternary oxide appear to be important for the prolific kinetic effect of Nb 2 O 5 as additive in MgH 2 . [96] Furthermore, diffusion of hydrogen through bulk niobium inclusions in MgO may be faster as compared to diffusion in bulk MgO (see Figure 10) . [12] Rietveld refinements and the stoichiometry are plotted as a function of hydrogen release and uptake cycle number in Figure 11 revealing a positive deviation from Vegard's law. [97] Furthermore, the enlargement in Figure 11 reveals a linear correlation between the unit cell volume and the composition of Mg x Nb 1-x O in the range approx. 0.2 Ͻ x Ͻ approx. 0.6. [12] The significant volume expansion observed for Mg x Nb 1-x O as compared to the two binary oxides, MgO and NbO, may contribute to the prolific properties of Nb 2 O 5 used as additive in MgH 2 for the release and uptake of hydrogen. The evolution of Mg x Nb 1-x O is expected to form cracks in the otherwise dense surface layer of magnesium oxide. The increased number of diffusion pathways through the MgO layer may significantly enhance the kinetics for hydrogen release and uptake in Mg/MgH 2 .
[96]
8) Kinetic Analysis of Hydrogen Release.
In situ SR-PXD is also a well-documented method for extracting kinetic data, e.g. when measured under isothermal conditions. Integration of the diffracted intensity from one or several strong, well-resolved reflections from each compound in each powder pattern is the raw data that initially needs to be extracted. Phase fractions, α i (t), describing the degree of formation or decomposition of compound i can then be calculated and normalized using Equation (8):
where I i (t) is the integrated diffracted intensity for compound i at time t and I max is the maximum observed intensity. A variety of different models can be used to analyse the kinetic data [12] and the Johnson-Mehl-Avrami (JMA) type nucleation and growth rate equation is among the most frequently used: [62] α(t) = exp(-(kt) n )
The rate constants, k, and the Avrami exponent, n contain information about nucleation and growth rates. The value of k is usually determined from the middle part of the crystallization curve, e.g. 0.3 Ͻ α(t) Ͻ 0.7, and is less sensitive to the specific choice of kinetic model. [98] [99] [100] The time for 50 % conversion of compound i in the reaction mixture, α i (t) = 0.5, is sometimes denoted t z and consists of two contributions. The delay time where no diffraction is observed can be assigned to a nucleation time, t 0 , and the time from the first observation of weak diffraction of compound i to α i (t) = 0.5 can be denoted t 1/2 .
In most cases, the rate constant, k, does not refer to a specific mechanism or actual concentrations of reactants, but can www.zaac.wiley-vch.de be used to estimate an apparent activation energy, E A . The apparent activation energy is readily extracted using the conventional Arrhenius expression, i.e. by plotting ln k vs. 1/T, (see Figure 12 ): Figure 12 . Upper: Experimental dehydrogenation curves of pure MgH 2 in MgH 2 -Al determined from intensity of the MgH 2 (1 1 0) reflection from time resolved in situ PXD data (data collected in-house using a rotating anode, λ = 1.5418 Å). Lower: Arrhenius plot of lnk, versus reciprocal temperature for the dehydrogenation of MgH 2 -Al. [101] 
where A is a pre-exponential factor, E A is the apparent activation energy and R is the gas constant. The activation energy is denoted "apparent" since it refers to an unknown overall rate determining process and not a specific mechanism. The apparent activation energy is useful in order to compare similar reactions or the same reaction taking place at different physical conditions. 'Catalytic' effects were investigated for hydrogen release in the systems MgH 2 , MgH 2 -Ni, MgH 2 -Al and MgH 2 -Cu, where the apparent activation energies were extracted from in situ PXD data to be, 299, 241, 160 and 108 kJ mol -1 , respectively. [98, 101, 102] Time-resolved in situ SR-PXD has been utilized to study hydrothermal synthesis reactions of metal-substituted nanoporous aluminium phosphate (MAPO) formation. [103] Precursor phases could be detected during formation of micro- Figure 13 . In situ SR-PXD patterns (left) of Mn 2+ -substituted aluminium phosphate, the reaction product is denoted MnAPO-5 (AFI). Arrhenius plots (upper right) for determination of activation energies for nucleation and crystallization of MnAPO-5, AFI. Note that the apparent activation energies, E A , determined using rate constants, k, and time for 50 % conversion, t 1/2 , are almost identical. Changes in FWHM as a function of time (lower right) for the (101) Bragg reflections of ZnAPO-47 (CHA) measured at isothermal conditions at 116, 136, and 156°C. [104] porous Co-, Mg-, Mn-, and ZnMAPO's and the formation of MAPO's depends upon choice of template, substituting M 2+ ion, concentrations, heating rate and reaction temperatures. In this case, the Avrami equation was fitted to the α(t) data sets, which in all cases gave the exponent n = 1.0. The crystallization of MnAPO-5 (AFI) can thus be expressed by the equation α(t) = 1-exp(-k(t-t 0 )), where k is the rate constant and t o is the time of the induction period or rather, the time for nucleation.
In situ SR-PXD data for the crystallisation of an aluminophosphate gel is presented in Figure 13 . At low 2θ values a background matching the amorphous gel is present which increases in intensity during heating, before eventually disappearing owing to formation of initially the precursor, APO-5, and finally the product AlPO 4 . The change in intensity indicates ripening and nucleation upon heating the gel.
In some cases a delay time, t 0 , related to a nucleation time is observed prior to the reaction and hence must be taken into account:
An Arrhenius plot of -ln(t 0 ) vs. 1/T allows determination of an apparent activation energy for the nucleation process, E A0 . [104] This approach was carried out on various aluminophosphates synthesized hydrothermally. From these fits it was possible to determine the apparent activation energy for both the nucleation and the crystallization. It was found that the apparent activation energy for nucleation is twice the value of crystallization. Additionally, the full-width-half-maximum (FWHM) was determined for a ZnAPO-47 (CHA) Bragg reflection at isothermal conditions and the changes with time assigned to particle growth (see Figure 13) .
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9) The Crystallite Size of Nanoconfined NaAlH 4 Nanoconnement is a new bottom-up approach for stabilisation of nanoparticles in an inert nanoporous scaffold material. [105] [106] [107] [108] [109] [110] [111] [112] The confinement limits the particle size to the pore size of the scaffold material, which allows direct production of smaller particles than mechanically obtainable. This approach has several advantages: (i) increased surface area of the reactants, (ii) nanoscale diffusion distances, and (iii) increased number of grain boundaries, which facilitate release and uptake of hydrogen and enhance reaction kinetics. [113] [114] [115] [116] [117] [118] In situ SR-PXD is an excellent method to follow reactions taking place at the nanoscale inside the scaffolds, e.g. direct synthesis of MgH 2 from dibutylmagnesium. [95] An average crystallite size may also be determined by PXD. However, to determine the exact particle size distribution small-angle X-ray scattering (SAXS) is necessary. This technique enables studies of particles in the size range from approximately 1 to 200 nm but yields no information on crystallinity. Several studies have proven this technique valuable within nanoscale particles. [119] [120] [121] The amount of bulk NaAlH 4 relative to nanoconfined NaAlH 4 after the infiltration process can also be investigated by Rietveld refinement of PXD data. The analysis revealed that the Bragg diffraction peak shapes can be modelled as a superposition of a broad contribution from nanoconfined NaAlH 4 and a narrow contribution from bulk NaAlH 4 (Figure 14) . [117] This approach provides the ratio of nanoconfined versus bulk NaAlH 4 as well as the average crystallite size for nanoconfined NaAlH 4 and the amount of Al present in the sample due to decomposition of NaAlH 4 . [117] Only a minor fraction is decomposed to Al and a majority of the remaining NaAlH 4 is successfully nanoconfined. The results also reveal decreasing average crystallite sizes of~19, 18, 17 and 13 nm for nanoconfined NaAlH 4 in activated scaffolds with maximum of the BET pore size distributions in the range 8 to 11 nm. This observation indicates that NaAlH 4 may preferably crystallize in the larger pores of the carbon aerogel. Figure 14 . PXD pattern of NaAlH 4 nanoconfined in nanoporus carbon aerogel activated 5 hours in a flow of CO 2 (denoted CA-5.1, [117] λ = 1.54 Å, Cu-K α ). The raw data curve and the calculated Rietveld model data curve fits well. The difference plot further illustrates the fit quality. Reflection markers from top to bottom show NaAlH 4 and Al. The square inset shows the diffracted intensity of nanoconfined (dashed curve) and bulk (solid curve) NaAlH 4 . [117] Thus, nanoconfinement of NaAlH 4 improves hydrogen release and uptake kinetics and the reversible hydrogen storage capacity. [110, 118, [122] [123] [124] [125] This hypothesis is also supported by a systematic study of the properties of NaAlH 4 as a function of pore size of a carbon aerogel scaffold ranging from small nanopores (Ͻ4 nm) to large macropores (Ͼ100 nm). [126] The maximum of the pore size distribution, D max , was determined by standard nitrogen adsorption methods (gas sorption analysis). The full width at half-maximum, FWHM, for the Bragg diffraction peaks before and after melt infiltration was extracted from Rietveld refinements of the in situ SR-PXD data. Estimation of the average crystallite size in various scaffolds with different pore sizes was calculated from Rietveld refinement and is displayed in Figure 15 , where a linear correlation between crystallite size and aerogel pore size is observed. Noteworthy is that the average crystallite size is larger than the average pore size, which further indicates that crystallization preferably takes place in the larger pores of the scaffold. [126] 
Conclusions
This review paper has a focus mainly on solid-solid and solid-gas reactions, with examples from hydrogen release and uptake reactions in solids investigated by in situ synchrotron radiation powder X-ray diffraction (SR-PXD). An advanced www.zaac.wiley-vch.de Figure 15 . The average crystallite size, L, of nanoconfined NaAlH 4 determined using SR-PXD data and plotted as a function of D max . Different fractions of the same sample were measured and analysed up to three times. [126] approach denoted decomposition-aided indexing and structure solution is described, which allows structural investigation of new compounds in mixtures with other compounds using in situ SR-PXD. However, in some challenging cases SR-PXD data may be supported by neutron diffraction (PND), solidstate NMR and/or theoretical methods (DFT) in order to extract a satisfying structural model. This review demonstrates in situ SR-PXD as an excellent tool to clarify reaction pathways and discover intermediates taking part in the reaction mechanism. Furthermore, hydrogen release and uptake, polymorphic transformations, anion substitution of solid compounds etc. can be investigated in detail by sequential Rietveld refinement of SR-PXD data at variable pressures and temperatures. Additionally, physical properties such as crystallite size and apparent activation energies can be extracted. Nanoconfinement of various hydrides in nanoporous scaffolds is confirmed by Bragg peak broadening and crystallite sizes as function of pore sizes can be extracted by Rietveld refinement. These studies emphasize that in situ SR-PXD is a powerful and versatile technique crucial for many aspects of materials science. This review may provide new inspiration for design of experiments and utilization of powder X-ray diffraction.
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